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New  Haven,  CT. 

The  current  two  dimensional  (2-D)  retinal  drawing  chart  is  an  azimuth  equidistant  representation  of  the  retina. 
The  distortion  produced  by  this  chart  was  analyzed  and  compared  to  other  two  dimensional  projections 
such  as  the  Mercator,  stereographic,  equal  area  and  orthographic  maps  of  the  retina.  The  azimuth 
equidistant  retinal  drawing  chart  produces  minimal  radial  distortion  when  representing  lesions  on  the  curved 
surface  of  the  retina  but  causes  considerable  circumferential  distortion  for  lesions  anterior  to  the  equator. 
Circumferential  distortion  (=  [arc  length  2-D  -  arc  length  3-D] /arc  length  3D)  was  calculated  for  lesions  at 
varying  distances  from  the  macula  and  was  found  to  increase  exponentially  as  a  function  of  the  distance 
from  the  macula.  Circumferential  distortion  was  57.1%  at  the  equator,  88.5%  3  mm  anterior  to  the  equator 
and  137.8%  6  mm  anterior  to  the  equator.  This  causes  round  retinal  lesions  to  become  ovoid  when  drawn 
anterior  to  the  equator.  A  three  dimensional  (3-D)  model  of  the  retinal  surface  was  created  using  3-D 
computer  assisted  design  (CAD)  software.  This  3-D  model  was  able  to  represent  retinal  lesions  such  that 
their  true  size,  shape,  location  and  orientation  were  all  conserved.  Retinal  lesions  such  as  choroidal 
melanomas  and  retinal  detachments  were  drawn  such  that  the  chord  length,  volume  and  surface  area  were 
calculated  by  the  CAD  software.  The  volume  measurements  of  choroidal  melanomas  were  accurate  to  within 
7.5%  and  the  surface  area  measurements  were  accurate  to  within  .86%.  Retinal  lesions  could  be  viewed  from 
multiple  angles  and  examined  in  cross  section.  The  use  of  3-D  CAD  software  may  be  used  to  more 
accurately  draw  retinal  lesions  than  current  methods. 
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Introduction: 

The  retinal  drawing  chart  used  today  is  essentially  identical  to  that  proposed 
by  Schepens  in  the  early  1950’s  (Schepens,  1951).  It  is  composed  of  three 
concentric  circles.  The  innermost  circle  depicts  the  equator;  the  middle  circle,  the 
ora  serrata;  and  the  outer  circle,  the  posterior  border  of  the  ciliary  body  (fig.  1). 
Because  this  chart  is  created  by  flattening  the  hemispherical  retinal  surface  out  into 
two  dimensions,  considerable  distortion  and  circumferential  stretching  occurs  with 
lesions  and  surfaces  anterior  to  the  equator.  As  a  result,  details  in  this  region  must 
be  drawn  2.5  times  larger  along  the  circumferential  axis  than  along  the  meridian 
(Schepens,  1988).  Moreover,  the  current  drawing  chart  is  incapable  of 
representing  depth.  Thus,  the  height  of  lesions  and  the  curved  retinal  surface 
cannot  be  portrayed. 

Given  these  shortcomings,  this  study  was  conducted  to  answer  two 
principle  questions:  1.  What  is  the  distortion  produced  by  the  two  dimensional 
drawing  chart?  2.  Can  a  three-dimensional  representation  of  the  retina  be 
constructed  using  computer  assisted  design  software?  This  three-dimensional 
model  would  ideally  be  able  to  represent  lesions  on  the  retinal  surface  such  that 
their  true  shape,  size,  height,  and  location  remain  accurate.  In  addition,  one  would 
want  the  ability  to  rotate  the  model  to  observe  the  retina  from  any  desired  angle, 
zoom  in  on  particular  lesions,  and  measure  their  volume,  surface  area,  and 


distance  from  retinal  landmarks. 
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Materials  and  Methods: 

A  study  was  conducted  to  determine  the  distortion  produced  by  the  current  two- 
dimensional  retinal  drawing  chart.  To  further  illustrate  this  distortion,  a  number  of 
lesions  representing  choroidal  melanomas  were  depicted  on  a  computer  generated 
two-dimensional  map.  A  three-dimensional  model  of  the  retina  was  then  created 
utilizing  computer-assisted  design  software.  This  model  was  used  to  represent  a 
variety  of  lesions  including  choroidal  melanomas  and  retinal  detachments.  The 
magnification  was  altered  and  the  structure  was  rotated  to  produce  "zoomed-in" 
views  of  the  retina  and  to  permit  the  observation  of  the  retinal  surface  from  several 
different  angles.  In  addition,  serial  sections  of  the  retina  were  created  and  the 
linear  dimensions,  volume  and  surface  area  of  various  retinal  lesions  were 
determined.  The  accuracy  of  these  results  was  verified  by  comparing  this  data  to 
that  obtained  by  using  the  mathematical  equations  that  describe  the  particular 
lesions. 

Quantification  of  Distortion  Produced  by  2-D  Retinal  Drawing  Chart 

To  determine  the  distortion  produced  by  the  current  retinal  drawing  chart, 
the  arc-length  of  thirty  degrees  (one  clock  hour)  at  various  arc-length  distances 
from  the  equator  was  calculated  for  both  the  three-dimensional  eye  and  the  two- 
dimensional  drawing  chart.  A  radius  of  11.825  mm  was  used  for  the  three- 
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dimensional  eye  since  this  approximates  the  radius  of  the  human  eye.  This  was 
derived  from  the  average  transverse  and  vertical  diameters  of  the  eye  at  the 
equator  (23.8  mm  and  23.5  mm,  respectively)  determined  by  Wilmer  and  Scammon 
(Wilmer  and  Scammon,  1950). 

Determination  of  Arc-length  in  3-D  Eye 

Given  the  radius  of  1 1.825  mm,  the  circumference  of  the  eye  at  the  equator 
(2*Pi*R)  was  calculated  to  be  74.299  mm.  To  find  the  arc-length  of  thirty  degrees 
at  a  specified  arc-length  distance  from  the  equator,  the  circumference  of  a  new 
circle  was  first  calculated,  This  was  a  circle  which  was  parallel  to  the  equator  and 
at  the  specified  distance  from  it  (  fig.  2  ).  The  first  step  in  determining  the 
circumference  of  this  circle  was  calculating  the  size  of  its  radius,  DB  (fig.  3).  To 
accomplish  this,  the  angular  displacement  (alpha),  of  the  new  circle  from  the 
equator  was  derived  as  follows: 


a  - 


Arc  AB 


x  36  0 


circumference  at  equator 
Radius  (DB)  -Radius  of  eye  at  equator  xcos (a) 
Radius (DB) -11.825xcos(a) 

Given  this  radius,  the  circumference  of  the  new  circle  is: 


2  xtx  x  Radius  (DB) 

The  arc-length  of  thirty  degrees  at  this  distance  from  the  equator  is  thus: 


New  Circumference  at  this  level x 


30 

360 
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Determination  of  Arc-length  in  2-D  Eye 

For  the  two-dimensional  drawing  chart  it  should  be  noted  that  all  distances 
from  the  macula  represent  arc-lengths.  Therefore  the  distances  from  the  macula 
to  the  line  representing  the  equator  on  the  two-dimensional  chart  was  determined 
by  dividing  the  circumference  of  the  eye  at  the  equator  (74.299  mm)  by  four.  This 
yielded  a  distance  of  18.575  mm.  This  calculation  is  analogous  to  determining  the 
distance  from  the  North  Pole  to  the  equator  of  the  Earth  by  dividing  the 
circumference  of  the  Earth  by  four  (i.e.  measuring  the  distance  one  quarter  of  the 
way  around  the  globe).  To  find  the  arc-length  of  thirty  degrees  at  a  specified 
distance  from  the  equator  of  the  eye,  the  circumference  of  a  new  circle  was  first 
calculated  (fig.  4).  This  new  circle  has  a  radius,  BC,  equal  to: 

Distance  from  macula  to  equator(AC)  minus  the  specified  distance  from  the 

equator(AB). 

The  circumference  of  this  circle  is: 

2  x  Ti  x  Radi  us  {BC) 

The  arc-length  of  thirty  degrees  at  this  distance  from  the  equator  is  thus: 

Circumference  of  new  circle  X  (30/360). 

The  distortion  produced  by  the  two-dimensional  chart  at  varying  distances  from  the 
equator  was  then  calculated  by  the  MATH  CAD  software  (Math  Soft,  Inc., 
Cambridge  MA.)  using  the  formula: 
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Distortion - 


Arc- length  of  30°  (2-D)  -  Arc- length  of  30°  (3-D) 
Arc- length  of  30°  (3-D) 


Depiction  of  Lesions  on  Computer  Generated  2-D  Drawing  Chart 

To  further  illustrate  the  distortion  produced  by  the  current  retinal  drawing 
chart,  a  program  was  written  in  the  BASIC  CAD  language  (American  Small 
Business  Computers  Inc.,  Pryor,  OK.)  which  allows  one  to  plot  lesions  on  a 
computer  generated  two-dimensional  retinal  map.  This  program  enables  the  user 
to  specify  the  width  (chord-length)  of  a  circular  lesion,  the  arc-length  distance  of 
its  center  from  the  macula,  and  the  meridian  on  which  it  lies.  It  then  draws  the 
lesion  on  the  two-dimensional  map,  depicting  the  distortion  that  is  introduced  by 
the  current  retinal  drawing  chart. 

Creation  of  3-D  Drawing  Chart  and  Production  of  Retinal  Lesions 

A  three-dimensional  mode!  of  the  retina  was  created  utilizing  computer- 
assisted  design  software  (DESIGN  CAD  3-D,  American  Small  Business  Computers 
Inc.,  Pryor,  OK.).  First,  a  cross-section  of  the  retina  in  apposition  to  the  eye  wall 
was  produced  (fig.  5).  This  drawing  was  an  arc  with  radius  equal  to  11.825  mm, 
the  mean  radius  of  the  human  eye.  This  diameter  represented  the  average  of  the 
transverse  and  vertical  diameters  of  the  eye  measured  by  Wilmer  and  Scammon 
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(Wilmer  and  Scammon,  1950).  The  chord-length  from  the  equator  of  the  eye  to 
the  line  connecting  opposite  side  walls  of  the  ora  serrata  was  6.311  mm  (fig. 6). 
This  was  calculated  as  follows: 

Diameter  of  eye  at  ora(CD) -20.03 ±1 .04  mm 
(Straatsma,  Landers ,  Kreiger,  1969) 

SC-—- 10  mm 
2 

Radius(AC)  - 1 1 .825  mm 

Distance :  equator-  -  ora{AB)-\lAC2-BC 2 

v4S-V/H.8252-102-6.311  mm 

This  arc  was  then  rotated  about  its  axis  180  degrees  to  produce  the  three- 
dimensional  retinal  surface  (fig.  7).  The  retinal  surface  was  next  rotated  ninety 
degrees  along  the  x-axis  such  that  the  open  end  of  the  eye  faced  the  user. 

Choroidal  lesions  such  as  a  choroidal  melanoma  were  created  on  the  retinal 
surface  in  the  following  manner:  Two  points  were  plotted  to  represent  the  diameter 
of  the  retinal  or  choroidal  lesion  (the  retina  is  infinitely  thin  in  this  three-dimensional 
model  so  lesions  of  the  choroid,  retinal  pigment  epithelium  and  retina  were  created 
on  the  retinal  surface).  An  arc  of  radius  11.825  mm  was  drawn  connecting  these 
points.  (This  arc,  when  rotated  180  degrees,  produces  a  base  for  the  lesion  which 
conforms  to  the  curvature  of  the  retinal  surface).  Next,  another  arc  was  plotted 
between  the  two  points  to  represent  the  height  of  the  lesion  (fig.  8).  This  figure 
was  then  rotated  along  its  axis  to  create  the  desired  choroidal  lesion  such  as  a 
melanoma  (fig.  9).  Retinal  detachments  were  produced  by  first  creating  a  skeleton 
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of  the  detached  region  and  then  connecting  the  framework  with  a  smooth  surface. 
This  gave  a  wire  frame  model  of  the  lesion  which  accurately  illustrated  its  true  size, 
shape,  and  height. 

Uses  and  Features  of  3-D  Model 

A  program  was  written  using  the  BASIC  CAD  language  to  accurately  plot 
retinal  or  choroidal  lesions  on  the  three-dimensional  retinal  model  after  the  user 
has  specified  their  height,  their  width  (chord-length),  the  arc-length  distance  of  their 
center  from  the  macula,  and  the  meridian  on  which  they  lie.  In  addition,  the 
dimension  command  in  the  DESIGN  CAD  3-D  program  was  utilized  to  calculate  the 
size  of  a  number  of  retinal  lesions.  Serial-sections  of  lesions  were  created  by 
"slicing"  the  retinal  surface  at  specified  intervals.  For  several  lesions,  the  model 
was  rotated  about  different  axes  to  produce  views  of  the  retinal  surface  from  many 
angles.  In  addition,  the  magnification  was  changed  to  create  magnified  views  of 
particular  retinal  lesions. 

Volume  and  Surface  Area  of  Choroidal  Melanomas 

A  study  was  conducted,  using  the  three-dimensional  model  of  the  retina,  to 
determine  the  effects  of  varying  the  height  of  retinal  and  choroidal  lesions  such  as 
choroidal  melanomas  on  their  volume  and  surface  area.  These  lesions  with  base 
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chord-length  diameter  equal  to  6  mm  and  height  equal  to  .5  mm,  1  mm,  3  mm,  6 
mm,  and  9  mm  were  created  in  the  manner  described  previously.  It  should  be 
noted  that  to  prevent  the  side  walls  from  bowing  out,  the  height  had  to  be  kept 
less  than  or  equal  to  the  radius  of  the  base  (fig.  10).  To  deal  with  this  problem, 
for  those  lesions  in  which  the  height  would  normally  be  greater  than  the  radius  of 
the  base,  a  hemispherical  "cap"  with  height  equal  to  the  base’s  radius  was  created. 
A  cylinder  of  height  equal  to  the  height  of  the  desired  lesion  minus  the  height  of 
arc  was  then  placed  immediately  beneath  it.  This  produced  a  melanoma  lesion  of 
specified  height  and  radius  with  straight  side  walls  (fig.  11). 

The  DESIGN  CAD  3-D  volume  and  surface  area  commands  were  then  used 
to  calculate  the  volume  and  surface  area.  The  volume  command  calculates  both 
the  volume  and  surface  area  of  the  entire  lesion.  The  surface  area  command 
calculates  the  surface  area  of  continuous  unbroken  surfaces.  Therefore  one  can 
use  this  command  to  find  the  surface  area  of  the  visible  part  of  a  lesion  while 
excluding  the  surface  area  which  comprises  the  base  of  the  lesion  in  apposition 
to  the  retinal  surface.  For  those  lesions  composed  of  a  hemisphere  and  cylinder, 
the  surface  area  of  the  exposed  portion  was  determined  by  subtracting  the  surface 
area  of  the  base  from  the  total  surface  area  (calculated  by  using  the  volume 
command).  The  accuracy  of  these  data  was  verified  by  utilizing  the  MATH  CAD 
program  to  input  the  appropriate  base  and  height  values  into  the  equations  for  the 
volume  and  surface-area  of  a  spherical  cap: 

x  (3 R-H) 


S-2nR* 
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(where  R  is  the  radius  of  the  sphere  from  which  the  spherical  cap  has  been  cut). 
The  volume  and  surface  area  of  the  entire  choroidal  melanoma  was  then  obtained 
by  adding  together  the  values  calculated  for  the  apical  and  basal  spherical  caps 
which  comprise  it  (fig.  12).  To  find  the  radius  of  the  apical  spherical  cap,  the 
following  equations  were  employed  (fig.  13): 


CD- Base  of  lesion 

AB- Height  of  lesion 

ED- EA- Radius  of  sphere 

EB-EA-AB 

EB-ED-AB 

ED2-EB2+BD2 

ED2-(ED-AB)2+BD2 

ED2-ED2-2xEDxAB+AB2+BD2 

0—2  xEDxAB+AB2+BD2 


ED- Radius  of  sphere - 


N 


AB2+BD2 
2  xAB 


For  calculating  the  volume  and  surface  area  of  the  basal  cap,  the  radius  of  the  eye 
(1 1 .825  mm)  was  utilized  as  the  radius  of  curvature  of  the  sphere  from  which  it  was 
cut.  The  height  of  the  basal  spherical  cap  was  calculated  in  the  following  manner 
(fig.  14): 
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CD- Diameter  of  base 

ED-  EA- Radius  of  sphere-^^  .825  mm 

A  B- Height  of  lesion 

AB-'l  1.825- BE 

B^-WAltf-BD2 

5F-/11.8252-£D2 

AB- 1 1 .825-\/l  1  =8252-£fD2 

The  final  equations  used  to  calculate  the  volume  and  surface  area  of  the  entire 

lesions  are  shown  below: 


....  .  AB2*BD2 

VM— ic  x(.  - 

1 3  v\|  2  *AB 


f  x  (3x  AB*+BDZ  -H)  1  +  (Inxoi.sas-v/ll.sas^eo2)2  x  (3(1 1 .825-/1 1 .825 ^-fld2)-^] 
\  2xAB  3 


S-2n  x(  A0**.80-  )2  +  2* x(1 1 ,825-Vl  1 .825 2-SO*)2 
N  2*AS 


S.A  o/  apical  $egment-2n  x 


<N 


ab2+bd2)2 

2y  AB 


For  lesions  composed  of  a  cylinder  in  addition  to  the  two  spherical  caps,  the 
volume  and  surface  area  of  the  cylinder  were  determined  using  the  equations: 

V-nR2xH 

S-2kR<H 

where  R  is  the  radius  of  the  base  and  H  is  the  height  of  the  cylinder. 


Results: 

Quantification  of  Distortion  Produced  by  2-D  Retinal  Drawing  Chart 


The  extent  of  the  radial  distortion  produced  by  the  current  retinal  drawing 
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chart  can  be  determined  by  comparing  two  arc-length  ratios  (macula  to 
equator/macula  to  ora,  and  equator  to  ora/  macula  to  ora)  in  the  three- 
dimensional  retinal  eye  to  those  calculated  from  the  two-dimensional  drawing  chart. 
The  ratios  in  the  3-D  eye  were  obtained  in  the  following  manner  (fig.  15): 

EC- Radius  of  eye  at  equa tor- 1 1.825  mm 
(Wilmer,  Scammon,  1950) 

DC- EF- Radius  of  eye  at  ora- 10.01 5  mm 
(Straatsma,  Landers,  Kreiger,  1969) 

Arc  AB- Arc- length  distance:  macula- -equator 

Arc  AC- Arc- length  distance,  macula- -ora 

Arc  BC- Arc- length  distance,  equator- -ora 

Circumference  of  eye  at  equator-  2  7t  /?=  2  7t  x  1 1 . 825 

Circumference  of  eye  at  equator-7 4. 299  mm 

0 -Angular  distance,  equator- -ora 

0  -  arccos(— )  -  arccos( 10-015)  -32. 1 20° 

ECJ  11.825 

Arc  BC — —  x circumference -  x74.299 

360  360 

Arc  BC- 6.629 

Arc  45=  — x74.299-1 8.850 
360 

Arc  AC- Arc  BC+Arc  45=25.479 

Arc  AB  1 8.850  74Q 
Arc  AC~  25.479 

Arc  BC  6.629 
Arc  AC*  25.479"’ 
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The  ratios  in  the  two-dimensional  projection  were  arrived  at  from  the  direct 
measurements  on  the  chart: 

Arc  AB  ( distance-,  macula- -equator) -54.5  mm 

Arc  BC  (distance,  equator-  -ora) -18.0  mm 

Arc  AC  ( disatancer.  macula — ora) 72.5  mm 

Arc  AB  54.5 
Arc  AC  72.5 

Arc  BC  18.0  25 
Arc  AC~  72.5 

Therefore,  the  current  retinal  drawing  chart  fairly  accurately  portrays  distance  in  the 
radial  direction  since  the  scale  in  the  area  between  the  macula  and  the  equator  is 
virtually  the  same  as  that  which  exists  between  the  equator  and  the  ora  serrata 
(Mosier,  1982). 

Figure  16  shows  the  circumferential  distortion  of  one  clock  hour  of  the 
retina  at  various  distances  from  the  equator.  Circumferential  distortion  in  this  case 
means: 


Arc- length  of  30° (2- D  map )  -  Arc- length  of  30° (3-D  map) 

Arc- length  of  30° (3-D  map) 

and  is  plotted  as  a  function  of  distance  from  the  equator.  It  should  be  noted  that 
negative  signs  indicate  distances  posterior  to  the  equator.  Thus  at  a  distance  of 
-18  mm,  one  is  just  adjacent  to  the  macula.  Although  a  thirty  degree  arc  was  used 
in  this  example,  all  other  arc  sizes  were  found  to  generate  identical  data.  Distortion 
can  be  seen  to  increase  exponentially  as  one  moves  anteriorly,  away  from  the 
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macula.  Therefore,  only  a  small  amount  of  distortion  is  produced  when 
representing  lesions  around  the  posterior  pole  on  the  current  two-dimensional 
drawing  chart.  However,  for  lesions  lying  more  anteriorly  (particularly  those 
anterior  to  the  equator),  the  distortion  introduced  is  quite  significant.  The  figure 
indicates  that  at  6  mm  anterior  to  the  equator,  the  distortion  created  by  the  two- 
dimensional  drawing  chart  is  137.8%.  Thus,  the  circumferential  dimensions  of 
retinal  lesions  represented  at  this  distance  would  be  137.8%  greater  than  their  true 
values. 

Depiction  of  Lesions  on  Computer  Generated  2-D  Drawing  Chart 

This  distortion  is  clearly  illustrated  in  the  figures  produced  by  the  two- 
dimensional  retinal  drawing  chart  computer  program  (figure  17).  In  this  example, 
four  round  lesions  on  the  twelve  o’clock  meridian  have  been  specified  with  centers 
at  arc-length  distances  from  the  macula  of  1  mm,  8  mm,  15  mm,  and  22  mm.  The 
chord-length  diameter  of  each  of  these  lesions  is  6  mm.  One  can  see  that  the 
figure  closest  to  the  macula  is  round  and  thus  a  fairly  accurate  representation  of 
the  true  shape  of  the  lesion.  Very  little  distortion  can  also  be  perceived  at  a 
distance  of  8  mm  from  the  macula.  At  15  mm,  however,  the  lesion  is  clearly  no 
longer  round  but  oblong  and  at  22  mm,  a  considerable  amount  of  circumferential 
stretching  is  evident.  Thus  although  all  of  the  lesions  depicted  on  this  map  are 
identical  in  size  and  shape,  the  current  two-dimensional  retinal  drawing  chart 


14 


causes  those  lying  more  anteriorly  to  appear  much  larger  and  more  distorted  than 
those  closer  to  the  macula. 

Uses  and  Features  of  3-D  Model 

To  overcome  this  problem,  a  three-dimensional  model  of  the  retina  was 
created  using  computer  assisted  design  software.  A  program  was  created  to 
automatically  plot  lesions  on  this  map  after  their  size,  height,  meridian,  and 
distance  from  the  macula  were  entered  (fig.  18).  In  this  figure,  a  melanoma  with 
a  base  diameter  equal  to  6  mm  is  seen  5  mm  away  from  the  macula  on  the  six 
o’clock  meridian.  In  figure  19,  a  lesion  of  the  same  size  has  been  plotted  22  mm 
away  from  the  macula  also  on  the  six  o’clock  meridian.  Note  that  although  it  lies 
anterior  to  the  equator,  the  distortion  and  circumferential  stretching  observed  with 
the  two-dimensional  drawing  chart  is  not  present.  Instead,  the  true  shape  and  size 
of  the  lesion  are  accurately  reproduced.  Moreover,  because  this  is  a  three- 
dimensional  model,  the  lesion’s  height  can  also  be  illustrated.  In  addition,  the 
program  allows  the  user  to  rotate  the  retinal  surface  to  observe  the  lesion  from  any 
desired  angle.  In  figure  20,  the  model  has  been  rotated  thirty  degrees  in  a 
clockwise  direction  about  the  z-axis.  Figure  21  shows  the  results  of  rotating  the 
map  forty-five  degrees  anteriorly  about  the  x-axis.  One  can  also  "zoom-in"  on  any 
particular  retinal  lesion.  This  function  is  illustrated  in  figure  22  in  which  the 
magnification  has  been  increased  to  150%. 
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The  three-dimensional  model  of  the  retina  can  also  be  used  to  represent 
retinal  detachments  (fig.  23).  Note  that  the  retinal  surface  is  most  elevated  slightly 
posterior  to  the  ora  serrata  and  gradually  flattens  out  as  one  moves  in  a  posterior 
direction.  In  addition,  a  horse  shoe  tear  causing  the  detachment  is  illustrated. 

By  slicing  the  model  of  the  retina  along  parallel  planes,  one  can  create  serial 
sections  of  retinal  lesions.  In  figure  24,  four  cross-sections  of  a  melanoma  cut  2 
mm  apart  from  one  another  are  shown.  Figure  25  illustrates  a  cross-section  of  a 
retinal  detachment  that  has  been  rotated  ninety  degrees  in  a  clockwise  manner 
about  the  y-axis. 

The  CAD  program  can  also  be  used  as  an  electronic  caliper  to  measure  the 
size  of  lesions  drawn  on  this  three-dimensional  map  (fig.  26).  In  this  example,  the 
height  and  base  diameter  of  the  choroidal  melanomas  have  been  calculated  to  be 
1.458  mm  and  6.000  mm,  respectively. 

Volume  and  Surface  Area  of  Choroidal  Melanomas 

Figure  27  compares  the  surface  areas  (determined  by  the  DESIGN  CAD  3-D 
program)  of  choroidal  melanomas  with  varying  height  and  base  to  those  arrived 
at  by  using  the  MATH  CAD  program.  The  percentage  error  for  the  DESIGN  CAD 
calculations  is  presented  in  figure  28.  The  data  show  that  the  DESIGN  CAD 
program  tended  to  slightly  underestimate  the  true  surface  areas.  The  percentage 
error,  however,  remained  small  (under  2%  for  all  but  one  calculation).  The  mean 
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error  of  surface  area  determinations  for  all  of  the  lesions  was  .862%. 

A  comparison  of  the  volumes  of  these  lesions  calculated  by  the  DESIGN 
CAD  program  and  the  MATH  CAD  program  (using  the  formula  for  the  volume  of 
a  spherical  cap)  is  presented  in  figure  29.  Figure  28  shows  the  percentage  error 
associated  with  the  DESIGN  CAD  3-D  calculations.  One  can  see  that  volumes  of 
lesions  arrived  at  by  the  program  are  not  extremely  accurate.  Although  there  are 
exceptions  to  the  trend,  it  appears  that  the  greatest  error  is  produced  when 
calculating  the  volume  of  relatively  flat  lesions.  The  mean  percentage  error  for  all 
of  the  volume  calculations  was  7.556%.  The  source  of  this  error  is  the  particular 
algorithm  that  the  DESIGN  CAD  3-D  program  uses  to  calculate  volume  and  surface 
area.  Future  refinements  in  the  software  should  enhance  the  precision  of  these 
calculations. 

Discussion: 

When  a  three-dimensional  surface  is  represented  in  two  dimensions,  it  is  not 
possible  to  retain  the  four  principle  characteristics  of  the  original  object.  They  are: 
1.  Conformality  (the  ability  to  depict  the  correct  shape  of  structures  over  small 
areas);  2.  Equal  Area  (the  property  of  illustrating  the  true  surface  areas  of 
structures);  3.  The  depiction  of  correct  distance  between  any  two  points  on  the 
object;  4.  Directional  Accuracy  (Greenhood,  1964) 

Cartographers  are  forced  to  confront  this  very  problem  when  trying  to 
represent  the  Earth’s  surface  on  a  two-dimensional  map.  The  Mercator  projection 
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is  shown  in  figure  30.  Because  it  is  conformal,  it  is  capable  of  depicting  objects 
on  the  Earth’s  surface  while  retaining  their  true  shape  and  form.  This  is 
accomplished  by  progressively  increasing  the  distance  between  parallels  as  one 
moves  away  from  the  equator  to  compensate  for  the  stretching  apart  of  meridians 
that  occurs  when  the  globe  is  flattened  out  into  two  dimensions.  The  effects  of  this 
process  are  illustrated  in  figures  31  (a  +  b).  Figure  31a  shows  the  horizontal 
stretching  that  occurs  when  an  object  is  represented  near  a  pole  on  a  nonMercator 
projection  in  which  the  parallels  remain  evenly  spaced.  This  same  object  is 
depicted  on  a  Mercator  projection  in  figure  31b.  Note  that  in  this  drawing,  the 
object’s  boundaries  have  been  stretched  just  enough  along  the  vertical  axis  to 
compensate  for  the  horizontal  distortion  that  results  from  the  bending  apart  of 
meridians.  Thus,  the  overall  shape  of  the  object  is  preserved  even  though  its  size 
has  been  greatly  magnified  (Greenhood,  1964).  Equal  area  and  accurate  distance, 
however,  are  sacrificed. 

In  representing  the  retinal  surface  on  a  two-dimensional  map,  these  same 
obstacles  and  limitations  are  encountered.  The  current  retinal  drawing  chart  is  an 
azimuthal  equidistant  projection  (fig.  1).  This  means  that  as  long  as  one  moves 
along  a  meridian  in  an  anteroposterior  direction,  the  distance  from  the  center  of  the 
chart  to  one’s  current  position  should  remain  accurate  (Mosier,  1982).  The  price 
of  this  accuracy,  however,  is  the  sacrifice  of  conformality  and  equal  area.  While 
lesions  around  the  posterior  pole  can  be  represented  fairly  precisely,  those  lying 
more  anteriorly  undergo  considerable  circumferential  stretching.  The  source  of  this 
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distortion  is  the  bending  apart  of  meridians  in  the  anterior  regions  of  the  retina  on 
the  two-dimensional  map.  Accordingly,  in  the  retinal  drawing  chart,  the 
circumference  of  the  ora  serrata  is  shown  to  be  larger  than  that  of  the  equator 
even  though  the  converse  is  true  in  the  three-dimensional  eye  (figs.  32a +  b) 
(Michels,  Wilkinson,  Rice,  1990). 

In  addition  to  the  azimuthal  equidistant  chart,  other  projections  could  be 
utilized  to  represent  the  retinal  surface  in  two  dimensions.  The  stereographic  map 
like  the  Mercator  is  conformal.  Thus,  the  overall  shapes  of  lesions  are  retained, 
regardless  of  their  location  on  the  retinal  surface.  As  shown  in  figure  33a,  even 
lesions  anterior  to  the  equator  remain  essentially  free  of  circumferential  distortion. 
To  better  visualize  the  way  in  which  this  projection  was  produced,  one  can  imagine 
a  transparent  globe  tangent  to  a  screen  at  the  macula  with  a  wire  skeleton 
representing  the  various  latitude  lines.  The  shadows  cast  on  the  screen  from  a 
light  located  on  the  pole  opposite  to  the  macula  would  then  yield  the  desired  map 
(fig.  33b).  Just  as  the  parallels  in  the  Mercator  are  more  widely  spaced  farther 
away  from  the  equator,  those  in  the  stereographic  projection  become  farther 
separated  with  increasing  distance  from  the  macula  (Greenhood,  1964).  As  a 
result,  the  scale  changes  as  one  moves  along  a  meridian  and  radial  distances  are 
no  longer  correct. 

With  the  equal  area  projection  (fig.  34a),  true  areas  of  retinal  lesions  are 
accurately  represented.  On  this  map,  the  distance  from  the  macula  to  any  given 
parallel  represents  the  chord-length  distance  from  the  macula  to  that  parallel  on  the 
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three-dimensional  eye  (fig.  34b).  Each  of  these  circles  is  equal  in  area  to  the 
corresponding  "polar  cap"  on  the  three-dimensional  retina.  Accordingly,  the  map 
is  in  the  same  proportion  to  the  retina  that  the  three-dimensional  retinal  model  is 
(Greenhood,  1964).  The  parallels  on  this  projection,  however,  become  more  tightly 
spaced  as  one  moves  away  from  the  macula.  Because  of  this  radial  compression, 
distances  depicted  from  the  center  of  the  chart  to  lesions  out  in  the  periphery  are, 
once  again,  not  accurate. 

Another  means  of  representing  the  retinal  surface  in  two  dimensions  is  the 
orthographic  projection  (fig.  35a).  In  this  illustration,  the  retina  has  been  sliced  at 
the  equator  and  the  resulting  anterior  section  positioned  to  the  left  and  the 
posterior  part  placed  to  the  right.  Its  creation  can  be  better  understood  by 
imagining  parallel  rays  of  light  passing  through  the  retinal  surface  and  casting  the 
resulting  shadows  on  a  flat  screen  (fig.  35b).  This  type  of  projection  simulates  a 
direct  frontal  view  of  the  retinal  surface.  Thus,  lesions  appear  much  as  they  would 
if  photographed  by  a  camera.  Because,  however,  the  parallels  become  more 
tightly  spaced  farther  away  from  the  macula,  distances  measured  out  from  this 
point  are  not  accurate.  Conformality  and  equal  area  are  also  lost.  Therefore, 
regardless  of  the  specific  projection  used,  it  is  not  possible  to  retain  all  four 
principle  characteristics  of  the  three-dimensional  retina  when  depicting  it  on  a  flat 
surface. 

These  primary  features  can,  however,  all  be  accurately  portrayed  through 
the  use  of  a  computer-generated  three-dimensional  retinal  model.  Round  lesions 
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can  be  depicted  easily  using  the  program  by  specifying  the  height  and  base  size 
of  a  lesion,  the  distance  of  its  center  from  the  macula,  and  the  meridian  on  which 
it  lies.  The  computer  then  automatically  plots  it  on  the  three-dimensional  map  such 
that  conformality,  equal  area,  correct  distance  measurement,  and  directional 
accuracy  are  conserved.  More  complicated  retinal  lesions  can  be  constructed  by 
drawing  them  in  contour  and  then  extruding  or  sweeping  the  cross-sections. 

In  addition  to  this  enhancement  in  precision,  the  three-dimensional  retinal 
drawing  chart  offers  the  ophthalmologist  a  number  of  unique  advantages.  With  the 
program,  one  can  determine  the  volume,  surface  area,  and  dimensions  of  retinal 
lesions  such  as  choroidal  melanomas.  In  addition,  one  can  create  serial  sections 
of  any  particular  lesion  and  have  the  ability  to  view  that  lesion  in  cross-section  from 
a  variety  of  angles  and  with  any  desired  level  of  magnification.  The  computer 
assisted  design  software  also  allows  the  study  of  the  anatomy  of  retinal  lesion  in 
three  dimensions. 

Further  improvements  in  the  functionality  of  this  software  will  allow  an 
ophthalmologist  to  outline  the  boundaries  and  height  of  a  lesion  using  an  input 
devise  such  as  a  stylus  or  light  pen.  The  computer  will  then  be  able  to  create  a 
three-dimensional  drawing  of  the  desired  lesion  with  appropriate  shading  and 
perspective.  The  size  and  shape  of  ocular  lesions  such  as  choroidal  melanomas 
or  retinal  detachments  is  determined  by  the  spherical  shape  of  the  eye.  Methods 
of  representing  these  lesions  will  be  improved  if  a  three-dimensional  model  of  the 
eye  is  employed  since  this  will  utilize  all  of  the  characteristics  of  size,  shape  and 
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orientation  in  the  original  lesion.  This  improved  precision  has  particular  clinical 
relevance  since  it  allows  the  ophthalmologist  to  accurately  record  the  response  of 
retinal  lesions  such  as  choroidal  melanomas  to  therapy  over  time. 
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Appendix:  Figures  1  -  35b 


YALE  DEPARTMENT  OF 
OPHTHALMOLOGY 


Fig.  1:  Current  retinal  drawing  chart. 


distance 


new  circle 


Fig.  2:  Equator  and  new  circle  at  a  specified 
distance  from  it. 


Fig.  3:  Calculation  of  the  cirumference  of 
the  new  circle. 


AC  =  Arc-length  distance 
from  macula  to 
equator 

AB  =  Specified  arc-length 
posterior  to 
equator 


Fig.  4:  Determining  the  radius  of 
the  new  circle. 


Ora  s  errata 


Equator 


Fig.  5:  Cross-section  of  retina. 


Fig.  6:  Calculation  of  distance  from 
equator  to  ora  serrata. 


Fig.  7:  Rotation  of  arc  about  axis 
to  produce  3-D  retina. 


Fig.  8:  Two  arcs  representing  the  base  and 
internal  surface  of  the  lesion. 


Fig.9:  Rotation  of  drawing  to  produce 
3-D  melanoma. 


Fig.  10a:  Base  radius  >  Height 
Sides  do  not  bow  out. 
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Fig.  10b:  Base  radius  <  Height- 
Sides  bow  out. 
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Fig.  1 1 :  To  produce  a  lesion  with  R  =  4,  Ht.  =  9  - 
Create  hemisphere  with  R  =  4,  Ht.  =  4  and 
place  above  cylinder  with  R  =  4,  Ht.  =  5. 


Top  half 


- —  Base 

Fig.  12:  Dividing  the  lesion  into  a  top 
half  and  base  in  order  to 
facilitate  the  calculation 
of  volume  and  surface  area. 


Fig.  13:  Determining  the  radius  (ED) 

of  the  sphere  from  which  the 
apical  cap  was  cut. 


A 


DC  =  Cutting  plane 


Fig.  14:  Finding  the  height  (AB)  of  the  basal  cap. 


A 


Fig.  15:  Calculation  of  the  ratios  in  the 
three-dimesional  eye. 


DISTORTION  PRODUCED  BY  TWO-DIMENSIONAL 
RETINAL  DRAWING  CHART 

DISTORTION  [  (ARC  2D  -  ARC  3D)  /  ARC  3D  ] 


Fig.  16 
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The  point  at  the  base  of  each  ellipse  i 
an  artifact  of  the  method  used  to 
generate  the  lesion. 


OJ 

E 

2 

•6 

<u 

e/5 

a 

-C 

£ 

E 

o 

c 

,2 

23 

2 

do 


.2P 

IZ 


E 


c 

1— 

<4-1 

a 

c 

2 

3 

‘■5 

3 

!— 

E 

u 

E 

E 

o 

-a 

o» 

o> 

c 

*o 

_c 

_x 

■4—* 

CA 

*c/3 

O 

0> 

cx-E 

E 

c 

E 

c 

\o 

iS 

o 

3 

O 

C3 

"cS  E 
3- 10 

-C 

<u  x: 

<D 

E 

.2 

"5 

<u 

c/: 

JC 


c3 

E 

C 

c 

— 

s 


equal  to  6mm  positioned  22  mm  away  from 

the  macula  on  the  six  o’clock  meridian. 
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Fig.  23:  Retinal  detachment  with  horse  shoe 
tear. 
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Fig.  24b 


Fig.  24d 


Fig.  26:  Using  the  computer  to  calculate  the 
dimension';  of  a  retinal  lesion. 


COMPARISON  OF  MEASUREMENTS  BY  DESIGN 
CAD  3-D  AND  MATH  CAD  OF  CHOROIDAL 
MELANOMAS  WITH  BASAL  DIAMETERS  =  6  mm 


SURFACE  AREA  (mm  ~  2) 


HEIGHT  (mm) 


CALCULATED  BY  DC3 
— H — 


CALCULATED  BY  MCAD 


Figure  27 


ERROR  INTRODUCED  BY  DESIGN  CAD  3-D 
CALCULATION  OF  SURFACE  AREA  AND  VOLUME 
OF  CHOROIDAL  MELANOMAS  WITH  BASAL 
DIAMETER  =  6  mm 

%  ERROR  FOR  CALC  OF  SURFACE  AREA  AND  VOLUME 


SURFACE  AREA  VOLUME 


Figure  28 


COMPARISON  OF  MEASUREMENTS  BY  DESIGN 


CAD  3-D  AND  MATH  CAD  FOR  CHOROIDAL 
MELANOMAS  WITH  BASAL  DIAMETERS  =  6  mm 

TOTAL  VOLUME  (mm  ~  3) 


CALCULATED  BY  DC3  CALCULATED  BY  MCAD 
— B —  -  -A-  • 


Figure  29 


POLE 


FIG.  31a: 

NONMERCATOR 

PROJECTION 


FIG.  31b: 

MERCATOR 

PROJECTION 


pj  Q  3?a 

®‘  “  Inconsistency  between  fundus  drawing  chart  and  anatomic  relations  in  the 

posterior  segment.  The  equator  of  the  eye  has  a  larger  circumference  than  does  the  ora 
serrata,  whereas  the  opposite  is  true  on  the  fundus  drawing  chart. 


Michels,  R.G.,  Wilkinson,  C.P.,  Rice,  T.A.,  Retinal  Detachment.  The  C.V,  Mosby  Company, 
St.  Louis,  1990:345-378. 
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~  ~  Fundus  drawing  chart  indicates  larger  circumference  at  the  ora  serrata  than  at 
the  equator,  whereas  the  opposite  is  anatomically  correct.  Thus  lesions  anterior  to  the 
equator  are  exaggerated  in  size  on  the  fundus  drawing  chart. 
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Fig.  33a:  Stereographic  projection  of  the  retinal  surface 
illustrating  one  melanoma  on  the  equator  on 
the  9  o’clock  meridian  and  another  smaller  melanoma 
located  just  anterior  to  the  equator  at  5’30".  Note 
that  because  this  projection  is  conformal,  the  round 
shapes  of  the  two  lesions  are  fairly  well  conserved. 


Screen 


Fig.  33b:  Creation  of  stereographic  projection. 
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Fig.  34a:  Equal  area  projection  of  the  retinal  surface 
depicting  the  same  lesions  shown  in  figure  33a. 


3-D  Surface  Flat  Projection 


Fig.  34b:  Creation  of  equal  area  projection. 


Fig.  35a:  Orthographic  projection  of  the  retinal  surface 

illustrating  three  melanomas:  two  posterior  and  one 


Anterior  retinal  surface 


Posterior  retinal  surface 


Fig.  35b:  Creation  of  orthographic  projection. 
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